Although it is believed that different types of memories are localized in discreet regions of the brain, concrete experimental evidence of the existence of such engrams is often elusive. Despite being one of the best characterized memory systems of the brain, the question of where fear memories are localized in the brain remains a hotly debated issue. Here, we combine site-specific behavioral pharmacology with multisite electrophysiological recording techniques to show that the lateral nucleus of the amygdala, long thought to be critical for the acquisition of fear memories, is also an essential locus of fear memory storage.
Introduction
The fear-learning system of the brain has generated enormous interest, attributable in part to its attractiveness as a neurobiological model of learning and memory and also to its potential clinical significance (Davis, 1992; LeDoux, 2000) . Despite years of progress, however, there is still no universal consensus regarding the locus of fear memory storage (Cahill et al., 1999; Fanselow and LeDoux, 1999; Paré, 2002) .
Most work on the neural system of fear learning has involved studies of auditory pavlovian fear conditioning (Fanselow and LeDoux, 1999; LeDoux, 2000) , a learning paradigm in which an emotionally neutral auditory conditioned stimulus (CS) comes to elicit fear after it is paired with an aversive unconditioned stimulus (US). This research has led to the view that the lateral nucleus of the amygdala (LA) is a key site of plasticity underlying fear learning (LeDoux, 2000; Blair et al., 2001; Maren and Quirk, 2004) . Several independent lines of evidence have supported this view. These have included electrophysiological recording studies showing that CS and US pathways converge onto single cells in the LA and that paired presentations of the CS and US enhance the response to the CS in LA cells (Romanski et al., 1993; Quirk et al., 1995; Rogan et al., 1997) , lesion studies showing that damage to or inactivation of the LA prevents fear conditioning (LeDoux, 2000) , and pharmacological studies showing that blockade of intracellular signaling cascades in the LA that are essential for either short-or long-term synaptic plasticity impairs short-term memory (STM) and long-term memory (LTM) of fear conditioning, respectively (Rodrigues et al., 2004 ).
An alternative view argues that the LA is not a site of fear memory storage and offers alternative interpretations of each of the aforementioned findings (Cahill et al., 1999) . For example, it has been pointed out that the LA is not unique but rather one of many regions of the wider fear network to exhibit neurophysiological changes during and after fear conditioning. Indeed, auditory fear conditioning induces alterations in the activity of neurons not only in the LA but also in the auditory cortex (Bakin and Weinberger, 1990; Edeline and Weinberger 1993) and the auditory thalamus (Gabriel et al., 1975; Lennartz and Weinberger, 1992) . These findings suggest the possibility that the neurophysiological changes observed in the LA during and after fear conditioning might merely be a reflection of plastic changes that have occurred in these upstream regions rather than representing a neural signature of memory storage in the LA itself (Cahill et al., 1999) . Furthermore, rather than indicating that the LA is a site of storage of fear memories, it has been suggested that memory deficits observed after lesion and pharmacological manipulations may instead indicate that the LA is essential for triggering or modulating the strength of plasticity and memory storage in other regions of the wider fear network (Cahill et al., 1999) .
It has become clear that lesion, electrophysiological, or pharmacological methods alone are not sufficient to identify the locus of fear memory storage. In the present study, we have therefore taken a new approach to tracking the fear engram by combining a site-specific pharmacological manipulation of the LA that targets memory consolidation processes with simultaneous multisite electrophysiological recordings in different regions of the fear memory system. PIN) ; AP, Ϫ5.4; ML, Ϯ3.0; DV, Ϫ6.6]. Attached to the left cannula was an insulated stainless steel recording wire (1 M⍀) that extended ϳ0.5 mm from the base of the infusion cannula. The final depth was determined using stimulation of the MGm/PIN as a guide (Doyère et al., 2003) . Two cortical silver balls, placed contralaterally, served as a reference and ground, and dental cement was used to anchor the electrodes and connecting device to the skull. Rats were administered buprenorphine-HCl (0.02 mg/kg) for analgesia and given at least 1 week to recover.
Materials and Methods

Subjects
Electrophysiological and behavioral procedures. Rats were habituated to the conditioning chamber and to cable connection and given 2 d of pre-exposure to three 20 s CSs (1 kHz, 50 ms tone pips, 80 dB, at 1 Hz), with a variable intertrial interval (ITI) of 160 s, on average. On the fourth day, rats were infused bilaterally with either 1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)-butadiene (U0126) (1 g; 0.5 l; n ϭ 8) or an equivalent volume of 50% DMSO vehicle (n ϭ 5). This dose of U0126 was chosen based on findings showing that it reliably impairs fear memory consolidation and the activation of extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) in the LA (Schafe et al., 2000) .
Thirty minutes after infusion, rats received five CS-US pairings (ITI, ϳ130 s), each CS terminating with a 0.5 s, 1 mA footshock (US). Retention of fear memory was then tested in a distinct chamber both at 3 h (STM; three CSs) and at 24 h (LTM; 10 CSs). During pre-exposure and retention tests, auditory-evoked field potentials (AEFPs) were recorded from both the LA and MGm/PIN (through the tip of the stimulation electrode). For technical reasons, we were able to record simultaneously from both the LA and MGm/PIN in a subset of rats (vehicle, n ϭ 3; U0126, n ϭ 6).
Data analysis. The rats' freezing behavior was recorded onto videotape during all sessions for off-line scoring. AEFPs were recorded and analyzed using DataWave and averaged across all tone-pip presentations within a trial and collapsed across trials. The amplitude of the shortlatency negative component was measured for each potential (ϳ12-15 ms for the LA; ϳ7-9 ms for the MGm/PIN). We assessed retention of behavioral and electrophysiological changes by expressing the change during the last three trials of the LTM test as a percentage of that during the three trials of the STM test. This measure proved convenient for directly correlating the maintenance of changes at both behavioral and neurophysiological levels within the same animal.
Histology. At the end of the experiment, the location of the electrodes was marked by passing a small amount of anodal current (4 A; 5 s) through the electrode tips. Rats were then perfused with 2% potassium ferrocyanide, and brains were sectioned and stained with Nissl for analysis of electrode placement.
Results
A strategy for tracking the fear engram
Fear conditioning leads to neurophysiological changes in LA neurons, a finding that may reflect plasticity either locally at LA synapses (Quirk et al., 1996; Blair et al., 2001) or at structures that are upstream of the LA, such as the auditory thalamus or cortex (Cahill et al., 1999) . Lesions of auditory cortical regions have no effect on fear conditioning to simple auditory cues (Romanski and LeDoux, 1992) , and the latency of plastic changes in the auditory cortex is too long to account for changes in the LA (Quirk et al., 1996) . However, it remains plausible that the auditory thalamic areas that project to the LA, including the MGm/ PIN, are principal sites of fear memory storage and that the neurophysiological changes observed in the LA simply reflect a "read-out" from these regions.
To address this question, we have combined simultaneous electrophysiological recordings from both the LA and MGm/PIN in freely behaving rats with an intra-LA infusion of an inhibitor of ERK/MAPK, a pharmacological treatment that blocks intracellular signaling cascades necessary for synaptic plasticity and impairs long-term consolidation of auditory fear conditioning (Schafe et al., 2000) . Rats were given an intra-LA infusion of U0126, an inhibitor of MEK (an upstream regulator of ERK/ MAPK), or an equivalent volume of 50% DMSO vehicle. They were then conditioned and tested for both STM (assessed 3 h after training) and LTM (assessed ϳ24 h after training) while recordings were made from both the LA and MGm/PIN (Fig. 1a) .
This simple, unique combination of techniques allows for simultaneous measurement of learning-induced changes at both ends of the monosynaptic MGm/PIN-LA pathway over a period of 24 h after intra-LA infusion of a compound known to impair fear memory formation. Importantly, the MEK inhibitor has no effect on fear acquisition or STM; it only affects the conversion of STM to LTM (Schafe et al., 2000) . Plastic changes should therefore be free to develop across the wider fear network during the acquisition process. Inhibition of MEK will, however, disrupt the consolidation process during which short-term plasticity is converted into long-term plasticity for LTM storage while we track the neurophysiological correlates of this process at both thalamic and LA recording sites.
We reasoned that if LA synapses are the critical site of plasticity underlying memory formation and storage of fear conditioning, then local inhibition of ERK/MAPK activation in the LA during training should selectively impair both fear memory consolidation and the consolidation of conditioning-induced synaptic plasticity in the LA, while having no effect on the establishment or long-term retention of thalamic plasticity.
Intra-LA infusion of a MAPK inhibitor impairs consolidation of fear conditioning and conditioning-induced synaptic plasticity in the LA Rats given an intra-LA infusion of U0126 before conditioning exhibited intact STM relative to controls (t (11) ϭ 0.46; p Ͼ 0.05) (Fig. 1b) . Furthermore, fear conditioning led to significant enhancement of the activity of LA neurons. This was reflected as an increase in the amplitude of AEFPs in the LA, which was equivalent in both the vehicle and U0126-treated groups (Fig. 1c,d ). This enhancement was significant relative to baseline (vehicle: t (4) ϭ 2.86, p Ͻ 0.05; U0126: t (7) ϭ 7.18, p Ͻ 0.01), and the groups did not differ (t (11) ϭ 0.59; p Ͼ 0.05). Representative traces from vehicle and U0126-treated rats are shown in Figure 1d , whereas electrode placements are shown in Figure 1e .
In contrast to the STM test, U0126-treated rats exhibited impaired LTM (t (11) ϭ 2.28; p Ͻ 0.05) (Fig. 2a) . This difference was also observed when LTM was expressed as a percentage of STM for each rat (t (11) ϭ 2.86; p Ͻ 0.05) (Fig. 2b) . Neurophysiological responses recorded from the LA followed the same pattern (Fig.  2c) . For this analysis, we expressed the amplitude change during the LTM test as a percentage of that during the STM test for each animal. Relative to vehicle controls, this analysis revealed that U0126-treated rats exhibited impaired long-term retention of neurophysiological changes in the LA (t (11) ϭ 3.17; p Ͻ 0.05). To further examine this effect, we performed a regression analysis within the U0126-treated group between freezing scores and percentage of change in AEFP amplitudes (each expressed as a percentage of STM). The analysis revealed a highly significant correlation (r (7) ϭ 0.92; p Ͻ 0.01) (Fig. 2d) , indicating that the more effective U0126 was at impairing the consolidation of fear memory, the more effective it was at impairing the consolidation of conditioning-induced synaptic plasticity in the LA. Representative traces recorded at 24 h from the LA in vehicle and U0126-treated rats are shown in Figure 2e .
These findings indicate that local inhibition of ERK/MAPK activation in the LA impairs the consolidation of both fear memory and conditioning-induced changes in the LA, a finding consistent with the idea that the plasticity underlying the consolidation of fear conditioning occurs locally at LA synapses.
Intra-LA infusion of a MAPK inhibitor does not impair conditioning-induced synaptic plasticity in the MGm/PIN
The finding that an intra-LA infusion of an inhibitor of ERK/ MAPK impairs long-term synaptic plasticity and fear memory formation suggests a possible role for ERK-dependent plasticity in memory storage in the LA but is not itself conclusive. Indeed, it has been suggested that manipulations of the LA (either via lesion, inactivation, or pharmacological means) may affect fear memory formation by modulating the strength of plasticity and memory storage in regions of the wider fear network (Cahill et al., 1999) . Consistent with this notion, recent studies have shown that functional inactivation of the amygdala during fear conditioning impairs the establishment of plasticity in the MGm/PIN (Maren et al., 2001; Poremba and Gabriel, 2001 ). Thus, it might be argued that our impairment of long-term synaptic plasticity in the LA and memory formation after intra-LA infusion of U0126 might instead reflect impaired consolidation of synaptic plasticity in the MGm/PIN, which is in turn reflected back to the LA. If true, we would expect MEK inhibition in the LA to impair longterm plastic changes in the MGm/PIN.
In our experiments, under conditions in which fear acquisition and STM were left intact, we observed no effect on learninginduced synaptic plasticity in the MGm/PIN after intra-LA infu- sion of U0126. As in the LA, auditory fear conditioning led to significant enhancement in the activity of MGm/PIN neurons relative to baseline during the STM test (vehicle: t (2) ϭ 4.58, p Ͻ 0.05; U0126: t (5) ϭ 4.2, p Ͻ 0.01) that was equivalent in both groups (Fig. 3a) (t (8) ϭ 0.29; p Ͼ 0.05). Representative traces recorded from the MGm/PIN in vehicle and U0126-treated rats during the STM test are shown in Figure 3b , whereas electrode tip placements are shown in Figure 3c . These findings clearly show that intra-LA infusion of U0126 leaves the fear acquisition process intact and does not interfere with the development of conditioning-induced plasticity in either the LA or the MGm/PIN.
The remaining question is whether the neural changes observed in the LA, expressed either during STM or during LTM, are simple reflections of those induced in the MGm/PIN rather than representing plasticity induced locally at LA synapses. Our findings are inconsistent with this hypothesis. First, we observed no correlation between the change in AEFP amplitudes in the MGm/PIN and the LA expressed during the STM test (r (8) ϭ 0.381; p Ͼ 0.05; data not shown). Second, if the thalamus was the source of the effects observed in the LA, then intra-LA infusion of U0126 would be also expected to impair long-term synaptic plasticity in the MGm/PIN. This effect was not observed. Of the animals from which we successfully obtained recordings from both the LA and MGm/PIN, the group differences in AEFP amplitude change recorded in the LA (Fig. 4a) (t (7) ϭ 3.20; p Ͻ 0.05) and the correlation between freezing scores and percentage of change in AEFP amplitudes within the U0126-treated group remained significant (r (5) ϭ 0.89; p Ͻ 0.05) (Fig. 4b) . However, when the same analysis was applied to AEFPs in the MGm/PIN, no difference emerged between the two groups. Unlike the LA, the AEFP amplitudes of both groups remained similarly enhanced 24 h later (t (7) ϭ 1.29; p Ͼ 0.05) (Fig. 4c) . Furthermore, no significant correlation between freezing scores and percentage of change in AEFP amplitudes was found in U0126-treated rats in the MGm/PIN (r (5) ϭ 0.12; p Ͼ 0.05) (Fig. 4d) . Representative traces recorded at 24 h after training from the MGm/PIN in vehicle and U0126-treated rats are shown in Figure 4e .
These findings indicate that local inhibition of ERK/MAPK activation in the LA has no effect on the consolidation of conditioning-induced plasticity in the MGm/PIN. Thus, the impairment of long-term plasticity in the LA after infusion of U0126 is not the result of impaired long-term plasticity in the MGm/ PIN, which is in turn reflected back to the LA.
Discussion
Previous studies have shown that fear conditioning leads to neurophysiological changes in the LA (Quirk et al., 1995; Rogan et al., 1997; Maren and Quirk, 2004) . Left unresolved, however, has been the question of whether these changes reflect local synaptic plasticity in the amygdala, or whether they reflect a read-out of plasticity from other areas of the wider fear network (Cahill et al., 1999) .
In the present experiments, we have examined in parallel the effects of local blockade of a key intracellular signaling cascade in the LA on both fear memory consolidation and neurophysiological changes in both the LA and MGm/PIN. The findings revealed that inhibition of ERK/MAPK in the LA selectively impairs longterm retention of plasticity at thalamo-LA synapses in correlation with the magnitude of the impairment of fear memory consolidation; it has no effect on the development and retention of thalamic plasticity. Thus, although it is clear that the LA, and possibly plasticity in the LA, is essential for the initiation of thalamic plasticity during fear conditioning (Maren et al., 2001; Poremba and Gabriel, 2001 ), the present findings may indicate that LA plasticity is not essential for the maintenance of thalamic plasticity once it is established.
Collectively, our findings show that long-term synaptic plasticity in the LA is required for both memory consolidation of fear conditioning and the consolidation of training-induced plasticity in the LA. Furthermore, the findings rule out the possibility that plastic changes that develop in the LA during and after fear conditioning are a mere reflection of those that occur in the MGm/ PIN (Cahill et al., 1999) , suggesting that plastic changes in the MGm/PIN alone are not sufficient for the full expression of a fear memory. These conclusions, although arrived at by different means, are consistent with those of both Poremba and Gabriel (2001) and Maren et al. (2001) . In the study by Poremba and Gabriel (2001) , muscimol inactivation of the amygdala impaired fear conditioning and the development of MGm/PIN plasticity. However, when the animals were retrained, fear conditioning proceeded normally without accompanying thalamic plasticity (Poremba and Gabriel, 2001 ). In the study by Maren et al. (2001) , muscimol-treated rats with residual MGm/PIN plasticity were retrained and exhibited normal rates of reacquisition relative to controls, suggesting that residual thalamic plasticity confers no savings of fear memory. Together, these findings suggest that MGm/PIN plasticity is not essential for fear memory formation under certain circumstances.
Although our findings suggest that plasticity in the MGm/PIN may not be sufficient for fear memory formation, they should not be interpreted to suggest that the auditory thalamus plays no role in fear conditioning. Indeed, a recent study from our laboratory has shown that inhibition of ERK/MAPK or RNA synthesis, but not protein synthesis, in the MGm/PIN impairs memory consolidation of auditory fear conditioning (Apergis-Schoute et al., 2005) . These findings, which are also partially consistent with those of a previous study (Maren et al., 2003) , suggest that although the auditory thalamus is not a site of protein synthesisdependent memory storage per se, it still plays an important role in memory formation of auditory fear conditioning. One possibility is that the MGm/PIN contributes to fear memory formation by contributing to presynaptic aspects of memory formation in the LA, a possibility supported by the finding that ERK/MAPK inhibition in the MGm/PIN impairs LTP in the LA (ApergisSchoute et al., 2005) . Additional experiments will be required for a full understanding of the role of the MGm/PIN in memory formation of fear conditioning.
In conclusion, the findings of the present study strongly suggest that long-term retention of conditioning-induced potentiation at thalamo-LA synapses is a critical requirement for the storage of a fear memory within the LA. These findings demonstrate for the first time that conditioned enhancement of CS responses in the auditory thalamus is not sufficient to support memory storage during fear conditioning, whereas conditioned enhancement of CS responses in the LA is both necessary and sufficient for memory storage. The present findings do not diminish the potential importance of the auditory thalamus and other structures in the encoding of different components of the entire fear memory trace, nor do they suggest that the amygdala plays no role in modulating certain types of memory storage. However, our findings clearly demonstrate that long-term storage of the emotional memory trace relies on local synaptic plasticity in the LA.
